Abstract: Pirfenidone (5-methyl-1-phenyl-2(1H)-pyridone, PFD) is a small-molecule compound acting on multiple targets involved in pathological fibrogenesis and is effective to increase the survival of patients with fibrosis, such as idiopathic pulmonary fibrosis. However, PFD is not active enough, requiring a high daily dose. In this study, to keep the multiple target profiles, N 1 -substituted phenylhydroquinolinone derivatives, which retain the 1-phenyl-2(1H)-pyridone scaffold were designed and synthesized. The preliminary anti-fibrosis activities for all target compounds were evaluated on a NIH3T3 fibroblast cell line using MTT assay methods. Most compounds showed significant inhibition on NIH3T3 cell proliferation with a IC 50 range of 0.09-26 mM, among which 5-hydroxy-1-(4'-bromophenyl)-5,6,7,8-tetrahydroquinolin-2(1H)-one (6j) displayed 13 times higher potency (IC 50 = 0.3 mM) than that of AKF-PD (IC 50 = 4.2 mM). These results suggest that N 1 -substituted phenylhydroquinolinone is a promising scaffold which can be applied for further investigation and for developing novel anti-fibrosis agents.
Introduction
Fibrosis is a pathological process in damaged tissues or organs where fibroblasts are activated to produce and deposit excess extracellular matrix (mainly composed of collagens). As more and more fibrous connective tissue is formed, the normal architecture is obliterated, resulting in scarring and dysfunction of the involved organs, such as liver and lung [1, 2] . Currently, treatments for fibrotic diseases such as idiopathic pulmonary fibrosis [3] , liver cirrhosis, systemic sclerosis, progressive kidney disease and cardiovascular fibrosis typically target the inflammatory response [4] . However, accumulating evidence indicates that the mechanisms driving fibrogenesis might be distinct from those regulating inflammation [5] . In fact, some studies have suggested that ongoing inflammation is favorable to reverse established and progressive fibrosis. Fibrogenesis is a complicated process during which mediators including cytokines (IL-13, IL-21, TGF-β1), angiogenic factors (VEGF), growth factors (PDGF) [6] , chemokines (MCP-1, MIP-1β), peroxisome proliferator-activated receptors (PPARs) [7] , acute phase proteins (SAP) [8] , caspases, components of the rennin-angiotensin-aldosterone system (ANG II) [9] and p38 [10] have all been identified as important regulators and are being investigated as potential targets for the development of anti-fibrosis agents [11] .
Therefore, the pathological mechanism of fibrosis is so complicated that none of the single-target agents have been marketed up to now, which has promoted the development of multiple-target anti-fibrosis drugs as represented by pirfenidone (5-methyl-1-phenyl-2-(1H)-pyridone, PFD). The mode of mechanism for PFD lies in interacting with multiple regulatory factors in the development of fibrosis. In vitro, PFD can inhibit p38 [10] , heat shock protein 47 (HSP47) [12] , TGF-β1, TNF-α [13] , angiogenic factors (VEGF) and growth factors (PDGF) [14] , which means it is more favorable to target multiple factors for the inhibition of fibrosis. In vivo, PFD inhibits the progression of fibrosis in animal models and is now used as anti-fibrosis therapy for patients with idiopathic pulmonary fibrosis (IPF) [15] .
However, during clinical application, PFD is not active enough due to its high daily dose, which is about 1,200 mg/day [15] . In addition, the oral LD 50 of PFD in rat is as much as 1,121 mg/kg, which make PFD not beneficial for fibrosis patients needing long-term treatment. Previously, our group discovered fluorofenidone (AKF-PD) [16] , which showed lower toxicity but still equivalent activity to PFD. The metabolism pathway of PFD and AKF-PD was also studied and demonstrated in further studies on NIH3T3 cell line [17] . As shown in Figure 1 , the 5-CH 3 was oxidized rapidly in turn into active hydroxyl group and aldehyde metabolites, and finally to inactive carboxylic acid, which is the main reasons for the lower activity of PFD. Herein, to keep the multiple-target anti-fibrosis activity features of PFD and to prevent the rapid metabolism of 5-CH 3 , the C-5 and C-6 of PFD were cyclized to form an N 1 -substituted phenylhydroquinolinone scaffold (Figure 2 ). Additionally, hydrogen bond donors or acceptors at the C-5 of hydroquinolinones and different substituents on N-1 phenyl group were introduced. To evaluate the structure-activity relationship for all target compounds, the in vitro inhibitory activity was measured on NIH3T3 cell lines using MTT methods. 
Results and Discussion

Chemistry
Synthesis of the target compounds 3 and analogs began with the synthesis of intermediates 1. As shown in Scheme 1, condensation of 1,3-cyclohexanedione and DMF in DMA afforded 1, which can yield different major compounds 2 or 4 when the concentration of compound 1 was 0.4 M or 2 M, respectively [18] . Hydrolysis of amide group in compound 2 under basic conditions for various amounts of time afforded 3-carboxylic acid analogs 3a-3o in yields ranging from 60-90%. To gain further insight into the different role of hydrogen bond acceptors or donors on C-5 of the hydroquinolinones, compounds 6 and 5 were synthesized efficiently following the procedures shown in Scheme 2. 3-Carboxylic acid analogs 3 were decarboxylated in the presence of hot quinoline to afford 4, which can be easily reduced to its hydroxyl derivative 5 by NaBH 4 [19] . Interestingly, during the preparation of compound 5o from 3o, only the aromatized product 7 was obtained, instead of the expected decarboxylation product 5o (Scheme 3). A possible reason for this may be the presence of two strong electron-withdrawing groups (2-Cl and 4-F), which can induce the dehydrogenation and aromatization of the cyclohex-2-enone part. To study the effect of different hydrogen bond donors at C-5 for compounds 5, the carbonyl groups of compounds 5 were easily converted in a mixture of alcohol and water in the presence of NH 2 OH to its oxime derivatives 8 (Scheme 4), which can be reduced to primary amine analogs 9 by the catalyst Al-Ni in 10% NaOH [20] . 
Biological Assay
The anti-fibrosis activity of the target compounds 3-9 was evaluated on the NIH3T3 cell line using MTT methods with AKF-PD as control. All the inhibition results are summarized in Table 1 . 
Bioassay results indicated that the inhibitory effect on NIH3T3 cell proliferation varied markedly for different series, with the IC 50 values ranging from 0.09 mM > 1,000 mM. The existence of a 3-COOH group (series 3) is less favorable for the anti-fibrosis activity compared to that of series 5 and 6, which can be represented by compounds with o-F (h), p-Br (j), 2,4-di-Cl (l) and 2,4-di-CH 3 (m) substituents on the N-1 phenyl group. Additionally, series 6 is more favorable than series 5 after the reduction of carbonyl to a hydroxyl group, 5-hydroxy-1-(4'-bromophenyl)-5,6,7,8-tetrahydroquinolin-2(1H)-one (6j) displayed 13 times higher potency than that of AKF-PD (IC 50 values of 0.3 mM and 4.2 mM, respectively), which suggested the critical role of a hydrogen bond donor on C-5 of the hydroquinolinones. This activity requirement can also be demonstrated by the potency of compound 9a vs. 6a, in which the hydroxyl group is replaced by a free amino group on the C-5 position.
As for compounds in series 3, the location of substituents on the N-1 phenyl group is more important for the anti-fibrosis activity than the type of substituents. Compounds with para-substitutents on the phenyl group are more potent than those with ortho-or meta-substitutents. Certain compounds, such as 3i and 3j displayed higher inhibitory potency than that of 3c, 3e, 3f or 3h with the IC 50 value of 2.6 mM, 4.2 mM and >1,000 mM, respectively. In addition, compound 3n (3,4-di-Cl substituent, IC 50 = 0.3 mM) displayed more remarkable potency than compound 3l (2,4-di-Cl substituent, IC 50 = 25.6 mM).
As shown in Table 1 , no obvious difference on the activity for location or type of substituents on the N-1 phenyl group can be observed for series 5 and 6, both of which displayed higher potency. What' s most interesting is that the aromatized compound 1-(2-chloro-4-fluorophenyl)-5-hydroxy-2-oxo-1,2-dihydroquinoline-3-carboxylic acid (7o) exhibited 46 times higher potency than that of AKF-PD (IC 50 values of 0.09 mM and 4.2 mM, respectively), which is now applied for further modification.
Experimental
General
All chemicals and solvents were from commercial sources and used without further treatment unless specified otherwise. The purity of all compounds was examined by high performance liquid chromatography (ODS column, 250 mm × 4.6 mm, 5 μm particle; mobile phase: acetonitrile in water; flow rate: 1.0 mL/min at 25 °C). 1 H-NMR and 13 C-NMR spectra were obtained using Me 4 Si as an internal standard on Bruker 400 or Varian 300 NMR instruments. Mass spectra were recorded on a Qstar LC/MS instrument. Chromatography was performed with commercial silica gel (300-400 mesh).
Preparation of 2-((Dimethylamino) methylene)cyclohexane-1,3-dione (1)
To 1,3-cyclohexandione (50 g) was added DMF-DMA (140 mL) with stirring. The resulting solution was heated to 75 °C for one hour. Solvent was removed and the residue was recrystallized from EtOAc to yield slight yellow crystals. Yield: 90%, mp: 117-118 °C.
General Procedure for the Preparation of 2
1-Phenyl-1,2,5,6,7,8-hexahydro-2,5-dioxo-3-quinolinecarboxylic acid (2a)
. Compound 1 (10 g) was dissolved in the mixture of 2-propanol (70 mL) and piperidine (0.1 g, 0.11 mmol) was added to the reaction. The mixture was stirred at room temperature for 5 h and to the mixture was added aniline (8.0 g) in acetic acid (40 mL). After 3 h, crystallization of a yellow solid occurred, which was filtered and recrystallized from methanol to yield a white solid. Yield: 61%, mp: >300.0 °C. MS m/z: 283 (M + ). Bromophenyl)-1,2,5,6,7,8-hexahydro-2,5-dioxo-3-quinolinecarboxylic acid (3j) 
1-(4'-
1-(3',4'-Dichlorophenyl)-1,2,5,6,7,8-hexahydro-2,5-dioxo-3-quinoline carboxylic acid (3n
1-(2'-Chloro-4'-fluorophenyl)-1,2,5,6,7,8-hexahydro-2,5-dioxo-3-quinoline carboxylic acid (3o
General Procedure for the Preparation of 5
1-Phenyl-7,8-dihydro-2,5(1H,6H)-quinolinedione (5a).
To dried quinolone (20 mL) and 3a (5.0 g) copper (0.1 g) was added. The mixture was stirred and heated to 140-150 °C and refluxed for 8 h. After the suspension was cooled in the air to room temperature, 5a was obtained upon column chromatography (EtOAc/petroleum ether) to yield a white solid. Yield: 53%, HPLC purity: 99.1%, mp: 138. 4 Hydroxy-1-phenyl-5,6,7,8-tetrahydroquinolin-2(1H)-one (6a) . To a solution of ethanol (20 mL) and 5a (1.0 g) was added NaBH 4 (0.02 mol). The mixture was stirred at room temperature for 5 h. Ethanol was removed completely and a white solid was obtained. The white solid was dissolved in water (30 mL), and pH was adjusted to 4 with diluted HCl. Crystallization of a white solid occurred, which was filtered and recrystallized in methanol to afford a white solid. Yield: 87%, HPLC purity: 99.1%, mp: 218. Hydroxy-1-(4'-methoxyphenyl) -5,6,7,8- 
1-(2'-Chlorophenyl)-7,8-dihydro-2,5(1H,6H)-quinolinedione (5b
1-(3'-Chlorophenyl)-7,8-dihydro-2,5(1H,6H)-quinolinedione (5c
1-(4'-Chlorophenyl)-7,8-dihydro-2,5(1H,6H)-quinolinedione (5d)
.
1-(2'-Methylphenyl)-7,8-dihydro-2,5(1H,6H)-quinolinedione (5e
1-(3'-Methylphenyl)-7,8-dihydro-2,5(1H,6H)-quinolinedione (5f
1-(4'-Fluorophenyl)-7,8-dihydro-2,5(1H,6H)-quinolinedione (5i
1-(4'-Methoxyphenyl)-7,8-dihydro-2,5(1H,6H)-quinolinedione (5k)
1-(2',4'-Dimethyphenyl)-7,8-dihydro-2,5(1H,6H)-quinolinedione (5m
5-
1-(2-Chloro-4-fluorophenyl)-5-hydroxy-2-oxo-1,2-dihydroquinoline-3-carboxylic acid (7o)
To dried quinoline (20 mL) was added 3o (5.0 g) and copper (0.1 g). The mixture was stirred and heated to 140-150 °C and refluxed for 8 h. When the suspension was cooled in the air to room temperature, compound 7o was obtained, which upon column chromatography (EtOAc/petroleum ether) to yield a white solid. Yield: 34%, HPLC purity: 99.0%, mp: 181. 
5-Amino-1-phenyl-5,6,7,8-tetrahydroquinolin-2(1H)-one (9a)
To the suspension of 5a (478 mg) and Al-Ni (1:1, 340 mg) in ethanol (30 mL) was quickly added NaOH (10%, 6 mL) and kept stirring at 50 °C. After the disappearance of starting materials, the solution was cooled, filtered, and extracted with dichloromethane. After removal of the solvent, recrystallization from EtOAc, slight white crystals were obtained. 
Biological Assay
NIH3T3 cells were grown in RPMI1640 medium with 10% fetal bovine serum at 37 °C in humidified incubator with 5% CO 2 . Cell proliferation was monitored by the 3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. More specifically, NIH3T3 cells were plated in a 96-well plate at 10,000 cells per well, cultured for 4 h in complete growth medium, and then treated with gradient concentrations of the compounds for 72 h. After that, 0.5% MTT solution was added to each well and incubated for another 4 h, the formazan formed was extracted by adding DMSO and mixing for 15 min. The optical density was recorded at 490 nm with a Multiskan Ascent 354 microplate reader (Thermo Labsystems, Helsinki, Finland). The absorption was processed by Ascent Software™ and IC 50 values were obtained from the dose-response curves.
Conclusions
In summary, our studies have shown that N1-substituted phenylhydroquinolinones are a promising scaffold for the discovery of novel PFD analogs, which can maintain the structural requirements for multiple target inhibition. Most compounds prepared possessed potent anti-fibrosis activity and the most active compound, 7o, exhibited good inhibition against NIH3T3 cell proliferation. This interesting feature may also guide the design and discovery of new multiple-target anti-fibrosis agents
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